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Abstract 
 
In the past decade, plastic pollution has been increasingly recognised as a threat to marine 
ecosystems and the species inhabiting them. As plastic-focussed studies increase there is a 
general lack of information of the direct impact of plastics on larger filter-feeding megafauna 
species, particularly within Australian waters, where plastics are relatively understudied. The 
waters of the Ningaloo Marine Park and Exmouth Gulf, situated along the North West Cape 
of Australia, support biologically diverse ecosystems frequented by charismatic filter-feeding 
megafauna. Reef manta rays (Mobula alfredi) using these waters as feeding areas may be 
exposed to both micro and macro plastics in the marine environment due to their broad range 
of feeding behaviours. The presence and concentration of micro and macro plastics in surface 
waters and sediment were assessed at six study sites across two separate locations (Bateman 
Bay and Exmouth Gulf) during April, June and August 2019 using surface net tows (n = 
102), sediment samples (n = 33) and in-water tows from within the proximate feeding trail of 
manta rays (n = 11).  
 
Generalised linear models were constructed to identify spatial and temporal variations in 
presence and concentration of plastics, while the mean concentration of surface waters was 
used to estimate theoretical plastic ingestion rates (IRs). Plastics were present in 92.3 % and 
45.0 % of surface water tows and feeding tows respectively, and 81.8 % of sediment samples. 
The concentration of plastics (Cp) in surface waters were significantly higher in Bateman 
Bay (mean Cp 0.17 pieces m-3), compared to Exmouth Gulf (mean Cp 0.07 pieces m-3) and 
varied between sampling months at both locations.  Microplastics (<5 mm), and line fibres 
dominated the type of plastic pieces found in all samples, which may be ingested by manta 
rays due to their inability to exclude particles and filter feeding mechanisms. Calculated IRs 
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suggested manta rays could be consuming 17.12 pieces hr-1, and 2.02 pieces hr-1 in Bateman 
Bay and Exmouth Gulf, respectively. This was comparatively lower than rates that have been 
previously estimated for manta rays utilizing feeding sites in Indonesia. The need for a better 
understanding on the fine-scale movement ecology of manta rays and localised 
oceanographic conditions are highlighted here, where many knowledge gaps still exist. 
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1. Introduction (Literature Review) 
 
Charismatic marine megafauna are considered fundamental flagship species in 
conservation biology and management planning due to their social influence and key 
roles in ecosystem functioning (Leader-Williams and Dublin 2000; Germanov et al. 
2018). Many species of marine turtles, sharks, whales and rays are also considered to be 
of high socio-economic value, as the benefits of marine-based tourism continue to 
improve our consideration of these animals (Wilson and Tisdell 2003; Vianna et al. 
2012; O’Malley et al. 2013). Anthropogenic stress in the marine environment has 
resulted in many of these species becoming vulnerable to the effects of over-
exploitation of resources, climate change and pollution (Goñi 1998; Dulvy et al. 2003; 
Halpern et al. 2008). To facilitate effective conservation and management of 
charismatic marine megafauna, it is also important to recognise and mitigate not only 
major, but also smaller sub-lethal threats to alleviate anthropogenic impacts on 
declining populations. As such, mobulid rays (family Mobulidae, Rafinesque 1810) 
have been identified as flagship species that require substantial attention and priority by 
researchers in response to growing human pressures such as pollution and 
contamination (Stewart et al. 2018). 
 
This thesis will examine how microplastics may be occurring within foraging grounds 
of the reef manta ray Mobula alfredi, at two locations along the north west coast of 
Australia: Bateman Bay and Exmouth Gulf, and how they may be incorporated into the 
diet of manta rays. The nature of plastics in the marine environment and localised 
oceanographic conditions of each location will be considered as this will likely 
determine presence, while the selectivity of feeding grounds by M. alfredi and feeding 
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ecology will demonstrate their susceptibility to particle ingestion that may result in 
negative impacts on individual health.  
 
1.1. Life with Plastics 
 
1.1.1. A brief history 
 
Proliferation of plastics began in the early 1940s and was considered a prosperous 
industry that would cause no harm to the environment “except as an eyesore” (Derraik 
2002). The synthetic compounds increased accessibility of goods by providing hygienic 
and durable packaging, while also enabling the expansion of global markets (Andrady 
and Neal 2009; Hawkins 2012). Evidence of plastic debris in the marine environment 
first emerged in the early 1970s (Carpenter and Smith 1972; Colton et al. 1974). 
Literature on marine debris in the following decade was modest, yet some studies had 
already begun to record significant plastic accumulation patterns around the world, in a 
reasonably short time period (Cundell 1974; Shaw and Mapes 1979; Morris 1980a, 
1980b; Merrell Jr 1984). Contrary to initial beliefs, the presence and persistence of 
plastics has surfaced as a major environmental hazard, owing largely to their 
imperishable qualities (Thompson et al. 2009). By 2017, global plastic production had 
reached almost 350 million tonnes, with Asia, Europe and North America reported as 
the largest producers of plastics, contributing an estimated 50.1 %, 18.5 %, and 17.7 %, 
respectively (Plastics Europe 2018).  
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1.1.2. Composition and uses 
 
Petroleum-based (synthetic) polymers are the most commercially significant group of 
plastics, distinguished into two broad classes according to their chemical structure: 
plastic polymers with only aliphatic carbon atoms in their parent chain, and heterochain 
plastic polymers containing ring structures or other additional elements such as oxygen, 
nitrogen, sulphur or silicon (Rodriguez et al. 2014). Aliphatic plastics are both robust 
and lightweight, making them versatile in their application, particularly in packaging 
goods (Andrady 2011). Heterochain plastics are typical of synthetic fibres such as nylon 
and polyester that are used frequently in fishing gear and clothing (see Table 1). These 
plastics exhibit enhanced heat resistance, strength, chemical stability and durability 
(Pruter 1987; Rodriguez et al. 2014).  
 
Eco-friendly substitutes that emerged commercially during the early 1990’s (Bastioli et 
al. 2001) include the whole or partial use of renewable biological resources (plant, 
animal, fungi or marine) to create ‘bio-based’ plastics, and oil-based ‘biodegradable’ 
plastics (Iwata 2015). Biodegradable plastics are defined by their ability to rapidly 
undergo complete mineralisation into carbon dioxide and water via naturally occurring 
microorganisms, hydrolysis and photooxidation (Lambert and Wagner 2017). 
Conventional, non-biodegradable plastics are resilient against environmental 
mechanisms, and require additional thermal degradation processes to become 
completely mineralised (Andrady 2011; Webb et al. 2013). 
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Table 1. Classes of plastics commonly found in the marine environment including associated 
polymer chain, specific gravity to sea water and brief description of applications and uses. 
Polymers with relative density <1 are presumed to float, whereas densities >1 may sink and are 
highlighted in bold.  
Adaptation of Andrady (2011), additional data sourced from UL Prospector (2019). 
 
1.2. Microplastics 
 
1.2.1. Definition and classification 
 
Plastic pieces in the environment are subjected to weathering processes that prompt the 
breakage of polymer chains, production of free radicals and deterioration of mechanical 
properties (Yousif and Haddad 2013). Prolonged environmental exposure will 
eventually compromise the structural integrity and promote fragmentation into smaller, 
microscopic pieces known as microplastics (MPs) (Ter Halle et al. 2016). The term 
‘microplastics’ was first used to describe fragmented plastic pieces recovered from 
surface waters and sediment samples in the Atlantic Ocean by Thompson et al. (2004) 
as small as 0.02 mm, however the accepted size range can subsequently vary among 
studies (Gregory and Andrady 2003; Betts 2008; Germanov et al. 2018). They are 
Polymer chain Plastic class Specific Gravity Applications and uses 
aliphatic foamed (expanded) polystyrene EPS 0.11-0.31 floats, bait boxes, foam cups, egg 
cartons
aliphatic polypropylene PP 0.83-0.92 rope, bottle caps, netting
heterochain polyurethane PUR 0.84-1.38 marine surface coatings, Foam, 
spandex, automobile parts, shoe soles
aliphatic low-density polyethylene LD-PE 0.89-0.91 plastic bags and wraps, six-pack 
rings, bottles, netting, drinking straws, 
cosmetic scrubbers
aliphatic high-density polyethylene HD-PE 0.91-0.94 milk and juice jugs
heterochain nylon PA 0.98-1.12 netting, traps, thread
aliphatic polystyrene PS 1.01 - 1.21 plastic utensils, food containers
aliphatic polyvinyl chloride PVC 1.12-1.70 piping, plastic film, bottles, cups
heterochain polyethylene terephthalate PET 1.26-1.55 plastic beverage bottles
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broadly defined by the National Oceanic and Atmospheric Administration (NOAA) to 
fall within the size range of 0.3-5 mm (Arthur 2009), and are commonly categorized 
further by source, polymer type, shape, degree of weathering and colour (Hidalgo-Ruz 
et al. 2012).  
 
1.2.2. Microplastics in the marine environment 
 
Oceanographic modelling predicted a minimum of 5.25 trillion plastic particles 
weighing 268,940 tons afloat in the world’s oceans (Eriksen et al. 2014). 
Approximately 100,000 particles m-2 were estimated to occur in coastal sediments from 
Norway (Norén and Naustvoll 2010), and up to 2,000 particles m-2 present in deep sea 
oceanic sediment at 5,000 m (Fischer et al. 2015). Plastic debris in the marine 
environment is now widespread and considered almost ubiquitous throughout marine 
waters, structures, sediments and coastlines (Cole et al. 2011; Desforges et al. 2014; 
Lusher et al. 2014; Bergmann et al. 2017).  
 
Plastics in the marine environment are exposed to prolonged mechanical wear and 
ultraviolet light, which causes rapid fragmentation. Wave action, sediment or clay 
particle interaction and sand abrasion from beach depositions deteriorate polymers more 
readily along coastlines than those exposed to photooxidation processes alone (Song et 
al. 2017; Hepsø 2018). In the open ocean, lower water temperatures and reduced 
oxygen concentration can slow the weathering process, however once degradation is 
initiated it can progress without further ultraviolet exposure as long as oxygen is readily 
available (Andrady and Neal 2009; Barnes et al. 2009; Andrady 2011; Ter Halle et al. 
2017).  
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1.2.3. Sources and transfer  
 
Marine MPs arise from either primary or secondary sources. Primary MPs are those that 
are manufactured <5 mm in size for commercial use such as in scrubbing agents, or as 
virgin pellets which are transported to the oceans by wastewater systems (Browne et al. 
2011). Secondary MPs result from the breakdown of larger, macroscopic pieces or as 
microfibres separated from synthetic textiles that may enter from populated coastlines 
as recreational or wind-blown litter, through atmospheric fallout, riverways, or 
intentional dumping of rubbish at sea (Sheavly and Register 2007; Dris et al. 2016). 
Once MPs enter the marine environment, their vertical (tendency to float, sink or settle 
on substrate) and horizontal distribution depends on polymer density relative to the 
surrounding sea water, and oceanographic processes acting upon them (Andrady 2011). 
Particle buoyancy can be altered by prolonged fouling effects, where the formation of a 
biofilm can result in a developing algal mat and eventually colonise invertebrates 
(Muthukumar et al. 2011). The bio-fouling process will increase particle density over 
time and promote eventual settlement, however particles may also be de-fouled by 
foraging organisms and mechanisms that reduce particle density. These fluctuations can 
vary particle position by inducing a theoretical cyclic ‘bobbing’ motion throughout the 
water column (Song and Andrady 1991).  
 
1.2.4. Interaction with marine life 
 
Incidence of MP interaction and ingestion by marine life is increasing across all 
taxonomic groups (Laist 1997; Gall and Thompson 2015). Reports on the abundance of 
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plastics found in stomach contents of marine animals led researchers to investigate the 
harmful effects caused by physical ingestion that include intestinal blockages, 
diminished appetite, internal injury and in some cases mortality (Ryan 1988; Secchi and 
Zarzur 1999; De Stephanis et al. 2013; Lusher et al. 2013; Abreo et al. 2016). The 
degree of harm is variable among species,  somewhat dependent on particle residence 
time within the digestive tract, and ability to regurgitate and expel plastic pieces 
(Provencher et al. 2014; Gall and Thompson 2015; Messinetti et al. 2019). Transfer of 
hydrophobic toxic chemicals and persistent organic pollutants sorbed to ingested MPs 
can potentially disrupt biological processes, reproductive fitness (Teuten et al. 2007; 
Rochman 2015; Wardrop et al. 2016) and promote internal microbial colonisation 
(Lamb et al. 2018; Rotjan et al. 2019). Despite this, Gall and Thompson (2015) drew 
attention to the underestimation of impact that plastics have on marine life, as we are 
yet to fully understand population level effects and lack data for a number of species 
that may be at risk. 
 
1.2.5. Filter feeding megafauna  
 
Filter feeders are particularly susceptible to directly ingesting MPs due to the analogous 
small size of their prey and foraging strategies of many pelagic species (Boerger et al. 
2010; Besseling et al. 2015; Griffin et al. 2018). Additionally, larger filter feeders may 
indirectly consume MPs through trophic transfer of MPs present in zooplankton and 
other small organisms (Cole et al. 2013; Farrell and Nelson 2013; Setälä et al. 2014). 
Opportunistic stomach content analyses confirmed that plastic pieces were consumed by 
at least two separate specimens of whale shark Rhincodon typus (Sampaio et al. 2018; 
Abreo et al. 2019) and one humpback whale Megaptera novaeangliae (Besseling et al. 
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2015). Although un-confirmed, plastic ingestion was speculated to be a contributing 
factor to these strandings. Research into the implications of MP ingestion by filter 
feeding megafauna is limited, particularly for baleen whales and filter feeding 
elasmobranchs. With few studies currently focusing on megafauna, there exists a 
significant knowledge gap to further investigate these species (Fossi et al. 2014; Fossi et 
al. 2017; Germanov et al. 2018). 
 
1.3. Manta rays 
 
1.3.1. Description 
 
Manta rays are among the largest filter-feeding elasmobranchs, found circumglobally in 
tropical and subtropical waters (Couturier et al. 2012). Belonging to the family 
Mobulidae, manta rays are currently recognised under the genus Mobula (previously 
genus Manta) by two species: the reef or coastal manta ray Mobula alfredi (Krefft, 
1868), and the oceanic or giant manta ray M. birostris (Walbaum, 1792) (Marshall et al. 
2009; White et al. 2018).  
 
Species can be distinguished by a combination of fine scale morphological features 
(dentition and dermal denticle structure), dorsal colouration pattern, maximum 
attainable disc width, and presence (M. birostris) or absence (M. alfredi) of caudal lump 
(Marshall et al. 2009). Both species possess unique ventral markings that allow them to 
be individually identified (Marshall et al. 2009). 
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1.3.2. Movement and distribution 
 
Habitat preferences differ between species, as M. birostris occupy primarily pelagic 
offshore waters (Kashiwagi et al. 2011; Stewart et al. 2016a), while M. alfredi tend to 
occur nearshore and along productive coastlines around coral and rocky reefs, tropical 
island groups, atolls and bays (Marshall et al. 2009). Manta rays often revisit sites and 
aggregate in response to prey availability and presence of cleaning stations (Couturier et 
al. 2011; Jaine et al. 2012; Burgess 2017). Strong site affinity and a generally smaller 
home range of M. alfredi have been recorded using photo-identification, as well as 
acoustic and satellite telemetry (Kessel et al. 2017; Setyawan et al. 2018; Germanov et 
al. 2019). However, long-distance movements of up to 1150 km have been documented 
along the east coast of Australia (Armstrong et al. 2019). Along the coral coast of 
Western Australia, combined photo-identification and satellite tagging of M. alfredi 
individuals in the Ningaloo region has revealed population connectivity between 
Exmouth Gulf and Shark Bay (Armstrong et al. 2019 unpublished data), with many 
individuals being photographed by tourism operators in both Coral Bay, and Exmouth 
(F. McGregor unpublished data).  
 
1.3.3. Feeding ecology 
 
As with all planktivorous elasmobranchs, manta rays have modified gills that form a 
complex and rigid sieving plate to filter food (Cortés et al. 2008). Distinctive filtering 
pads bear repeating finger-like projections which extend across the filter pores and 
effectively reduce the pore size opening (Paig‐Tran and Summers 2014). The lack of 
mucus producing cells, and collection of particles smaller than the pore size (0.34 mm 
 10 
in M. birostris) suggests manta rays utilise a unique separation mechanism to ricochet 
particles away from the filter pores, separating and ingesting particles as small as 0.2 
mm under high flow velocities (Divi et al. 2018). Cephalic lobes direct seawater 
unidirectionally through the buccal cavity and over the filter apparatus, where the water 
is then expelled via filter pores to the gill slits (Paig‐Tran et al. 2013). Following 
capture, particles move from the filter pads towards the oesophagus (Divi et al. 2018), 
which is the approximate size of a human fist (S. Venables pers. comm.) for ingestion.  
 
Foraging strategies have been shown to vary between locations (Anderson et al. 2011; 
Stewart et al. 2016b), likely due to prey density thresholds, seasonality and patchy 
distribution within the water column (Armstrong et al. 2016; Thornton 2017). Active 
feeding behaviour can be distinguished by an open mouth, visible gill rakers and the 
unfurled positioning of cephalic lobes (Couturier et al. 2012). M. alfredi may exhibit a 
number of feeding methods; these include cyclonic chain feeding (Gadig and Neto 
2014; Law 2010. ), barrel rolling in a full vertical rotation (Stewart 2018; Germanov et 
al. 2019), bottom skimming (Osada 2010; F McGregor pers. comm.), and surface ram 
feeding that may be circular, or in line with an opposing tidal current (Jaine et al. 2012).  
 
Prey composition is generally broad, as manta rays are known to consume both 
meroplankton and holoplankton (Couturier et al. 2013a; Bessey et al. 2019; Peel et al. 
2019). Stomach content and stable isotope analysis show that euphausiids and other 
crustaceans tend to dominate dietary intake of M. birostris (Rohner et al. 2017; Burgess 
et al. 2018; Bessey et al. 2019), yet little is known about the specific intake preference 
of M. alfredi. Through plankton net sampling during feeding events, and stomach 
analysis of one specimen landed in 1935, it has been generally accepted that M. alfredi 
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target and consume copepods (Armstrong et al. 2016; Bennett et al. 2017; Thornton 
2017). 
 
1.3.4. Vulnerability 
 
Both M. birostris and M. alfredi are protected under Appendix II of the Convention on 
International Trade in Endangered Species (CITES) and listed as Vulnerable to 
extinction on the IUCN Red List of Threatened Species (Marshall 2018b, 2018a), due to 
their conservative life history traits and overexploitation from both direct and indirect 
fisheries (Dulvy et al. 2014; Croll et al. 2016). The emerging consideration towards 
conservation and management of manta rays was further discussed by Stewart et al. 
(2018), who identified a number of knowledge gaps on which to focus future mobulid 
research. Of these, pollution and contaminants were of high priority, due to the current 
paucity of information on the impacts of plastic pollution to mobulid health and 
population viability. Germanov et al. (2019) recently quantified ingestion rates of MPs 
by M. alfredi (up to 62.7 pieces hr-1) by evaluating MP densities via trawl, egested 
matter and visual surveys at feeding sites throughout the Nusa Penida Marine Protected 
Area, and the Komodo National Park, Indonesia. This study established baseline 
information of MPs in megafauna feeding grounds for the Indonesian archipelago, a 
highly populated area with substandard waste management. Further assessment across a 
pollution gradient has been recommended to provide insights into individual and 
population health as a result of varied exposure to pollution and contaminants (Stewart 
et al. 2018).  
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1.4. Ningaloo Reef & Bateman Bay 
 
1.4.1. Description 
 
Ningaloo Reef extends ~300 km north-south along the Cape Range Peninsula, Western 
Australia, and is one of the largest fringing reef systems in the world (Taylor and Pearce 
1999; Kobryn et al. 2013). A highly productive boundary current driven by prevailing 
southerly wind stress known as the Ningaloo Current (NC), flows northward along the 
reef front, inshore of the 50 m isobath (Taylor and Pearce 1999; Pattiaratchi 2006). The 
cooling effects of the NC are negated under low wind stress by the oligotrophic 
Leeuwin Current (LC) that transports warm, tropical waters southwards (Smith et al. 
1991; D'Adamo et al. 2009). Flow dynamics of the NC are altered by a seaward 
extension of the coastal promontory at Point Cloates. To the south, bathymetry changes 
from a broad (>30 km), gradual slope and distinct shelf break that appears at 65 m, to a 
narrow (10 km) and extremely steep shelf gradient to the north. This effectively reduces 
the cross-sectional distance to the 50 m isobath (Woo et al. 2006). Here, an anticyclonic 
circulation pattern of the NC is observed to move eastwards over the shelf during low 
wind stress (Pattiaratchi 2006; Woo et al. 2006), a process that has been suggested to 
play an important role in varying the diversity and abundance of marine flora and fauna 
(D'Adamo and Simpson 2001). Located centrally on the Ningaloo Reef, approximately 
4 km north of the Coral Bay township is Bateman Bay, the largest embayment both 
wider and deeper than any other along the reef (Parker 2009). 
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1.4.2. Circulation and productivity  
 
Oceanic swell that develops from the south west induces persistent wave pumping over 
the reef crest, generating a hydrostatic head on the lagoon side that fans out and runs 
north, parallel to the shore before returning seawards through the nearest gap in the reef 
(Hearn et al. 1986; Hearn and Parker 1988). Residence time for a typical lagoonal 
region in Ningaloo was estimated to be one day or less (Hearn et al. 1986). While small 
variations in response to localised wind and tidal movements should be expected in 
surface waters, circulation in Bateman Bay is ordinarily dominated by the wave-
generated flow (Gourlay and Colleter 2005). Flushing was hypothesised to be relatively 
poor along the eastern margin of the bay due to the strong curvature of coastline and 
prevailing southerly winds (D'Adamo and Simpson 2001). This followed reports of 
coral spawn slicks that repeatedly converged along the north-eastern margin of 
neighbouring Bill’s Bay during mass spawning events (Simpson et al. 1993).  
 
Productivity within the bay can fluctuate seasonally in response to localised upwellings 
(Wilson et al. 2002). A deep oceanic opening in the reef crest plays an important role in 
delivering an abundance of zooplankton to the lagoon and towards the shoreline (F. 
McGregor pers. comm.). Copepods and chaetognaths dominate community composition 
throughout the warmer months, whereas phytoplankton and gelatinous species tend to 
be more abundant during cooler periods (Thornton 2017; F. McGregor pers. comm.). 
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1.4.3. Evidence of feeding habitats 
 
Throughout the Ningaloo Reef, aerial surveys have shown a broad distribution of manta 
rays year round that correspond to highly productive regions along the continental shelf 
(Preen et al. 1997; Hodgson 2007; Sleeman et al. 2007), yet knowledge on the fine-
scale habitat use is limited to the Bateman Bay region (Ashe 2016; Venables et al. 
2016; Coward 2017; Thornton 2017). Observations of feeding behaviour that alluded to 
potential foraging grounds have been amplified by tourism vessels that operate daily 
manta ray swim tours (Ashe 2016; Venables et al. 2016). Long-term monitoring of the 
manta rays that frequent Bateman Bay (over 1,000 identified individuals) has focused 
on the localised feeding ecology year-round (F. McGregor unpublished data). Three 
main zones within the lagoon (and an additional mid-passage zone) that represent the 
most frequented feeding sites can be broadly grouped by North Reef, Bateman Bay 
Beach, and Point Maud (F. McGregor pers. comm.). 
 
1.5. Exmouth Gulf 
 
1.5.1. Description 
 
Situated between the North West Cape and the main coastline of Western Australia, 
Exmouth Gulf is a shallow (mean depth 11.9 m, maximum 21 m) inverse estuary with a 
surface area of 2,614 km2 (Brunskill et al. 2001). The waters are reasonably protected 
from Indian Ocean wave energy by a relatively narrow entrance between Point Murat 
and the Muiron-Serrurier Island chain. It is influenced by a mixed semi-diurnal tide 
movement and localised wind generated waves towards the northern end (Massel et al. 
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1997). The LC more readily affects oceanographic conditions within Gulf due to the 
proximity of origin and lack of opposing counter currents such as those along the 
Ningaloo coast that are weakened during the winter months (Feng et al. 2003; Woo and 
Pattiaratchi 2004). 
 
1.5.2. Circulation and productivity 
 
Tidal circulation is the dominant force driving water movement in the Gulf, orientating 
north-south over the deeper, western margin and more complex over the 
topographically unique eastern margin (APASA 2005a). Oceanic water flows through 
the north western side and is typically expelled to the north east (Massel et al.). 
Residence time differs between the western and eastern margins (~12 and 28 days, 
respectively), as particles tend to oscillate and drift under prevailing winds and 
changing tides with very little net transport across the Gulf (Massel et al. 1997; APASA 
2005b). 
 
The Gulf has frequently been assumed as having generally poor productivity, 
specifically in the south-eastern sector. However, of the ten sites selected during a 
single sampling occasion from September and October by McKinnon and Ayukai 
(1996), sestonic carbon and zooplankton abundance (95 % of which were copepods) 
were comparatively high at one western site in close proximity to the township of 
Exmouth. Further studies of zooplankton biomass, productivity and copepod abundance 
are limited to the north-western sector and seaward waters (McKinnon and Duggan 
2001; Meekan et al. 2003), yet these similarly demonstrated that zooplankton estimates 
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peak around January and February and were significantly higher than surrounding 
waters off the North West Shelf.  
 
1.5.3. Evidence of feeding habitats 
 
The presence of manta rays within the Gulf is yet to be documented in the literature, 
however their activity is well known among the local community and tourism industry 
(F. McGregor pers. comm.). Historically, it was generally believed that manta rays did 
not enter the Gulf until after the first full moon in September, where >100 individuals 
aggregate for a number of days (F. McGregor pers. comm.). In recent years, a number 
of individuals have been sighted and tagged during on-water surveys within the Gulf 
from as early as April (Armstrong et al. unpublished data). Additional aerial surveys 
have recorded manta presence and association with shallow mangrove habitats during 
May and June (Hodgson 2007). Other preliminary work has identified nearshore 
cleaning stations within the Gulf north of the Exmouth Marina, however site use has not 
yet been established (Project Manta unpublished data). 
 
Seasonal aggregations near the entrance of the Gulf and south of the Murion Islands of 
>30 individuals have been observed, as mobula rays surface feed for days at a time 
(Armstrong et al. unpublished data). Other surface feeding behaviour is regularly 
reported along the western margin between the Exmouth Marina and Bundegi Boat 
Ramp (A. Armstrong pers. comm; J. Smith pers. comm.), specifically around afternoon 
tidal lines that form along the 7-9 m depth contour, as this is likely to aggregate and 
entrain zooplankton (A. Armstrong pers. comm.).  
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1.6. Rationale and study aims 
 
To date, few studies have focused on microplastics in the Australian marine 
environment. Many Australian coastal waters are thought to contain broad distributions 
of degraded, small plastic pieces that occur in patchy concentrations (Reisser et al. 
2013). In particular, relatively high concentrations of sea surface plastic pieces <5 mm 
(mean = 6,080.2 pieces km2) were retrieved from a net station 10 km seaward of the 
Tantabidi Boat Ramp, in close proximity to the Ningaloo Reef (Reisser et al. 2013). In 
2016, local citizen science project Salty Times conducted a number of coastal marine 
debris surveys that confirmed the occurrence of plastics along shorelines of the North 
West Cape from Coral Bay around the point to Exmouth Town Beach. The expedition 
indicated that moderate levels of plastics were present on beaches bordering the Gulf, 
and in high concentrations around Point Cloates (Van Jones 2016). Additionally, in the 
greater Exmouth region, water samples obtained from desalination filters of tour 
operation vessels verified the presence of plastic fibres and fragments throughout local 
surface waters (J. Strickland unpublished data).  
 
The North West Cape region is bordered by a dynamic, globally significant marine 
ecosystem that includes the world heritage listed Ningaloo Reef Marine Park, and 
biologically diverse Exmouth Gulf (Fitzpatrick 2019). These marine habitats are 
frequented by filter feeding megafauna such as whale sharks and manta rays that 
promote plankton regulation, provide substantial socio-economic value, and drive a 
successful wildlife tourism industry in Exmouth and Coral Bay (Mau 2008; Catlin and 
Jones 2010; Catlin et al. 2010). Despite plastic pollution and contamination emerging as 
a prevalent threat to marine life, and the confirmed presence of plastics entering these 
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waters, no study has focused on quantifying MP concentration in feeding habitats of 
manta rays that occur in this region.  
 
The objective of this study is to provide a preliminary assessment of the presence and 
concentrations of plastics in established manta ray feeding habitats within Bateman Bay 
and Exmouth Gulf using sampling techniques that replicate manta ray feeding 
behaviour. Specifically, the aims of this thesis were: 
 
1. To quantify and characterise plastics in surface waters, sediments, and within the 
active manta ray feeding trail. This was to provide an estimate of plastics exposed 
specifically to manta rays that would therefore be ingested by typical feeding methods 
(surface feeding, bottom skimming, mid-water feeding and barrel rolling). 
2. Examine spatial and temporal variations in plastic presence and concentrations. Here, 
it is hypothesised that the more exposed, oceanic location of Bateman Bay will contain 
greater plastic concentrations than Exmouth Gulf. Additionally, it is expected that 
concentration levels will vary in response to changing oceanographic conditions 
throughout the study period. 
3. To calculate theoretical plastic ingestion rates for manta rays in each location using 
surface water plastic concentrations which will enable direct comparison to other 
studies. 
 
This information will contribute towards the establishment of baseline information on 
both micro and macro plastic presence within the Ningaloo Reef Marine Park and 
Exmouth Gulf, and can be utilised for long term monitoring of manta ray populations 
across a theoretical pollution gradient.  
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2. Methods 
 
2.1. Study Sites 
 
Data collection took place at two study locations, Bateman Bay and the northwest 
margin of Exmouth Gulf. These locations were selected as they were within the 
predicted distribution range of the Ningaloo manta ray population and contained 
established M. alfredi (herein referred to as manta ray) feeding grounds (Fig. 1).  
 
  
Figure 1. Map of the North West Cape and Ningaloo Reef showing the two primary study 
locations Bateman Bay and Exmouth Gulf. Created using CorelDRAW (Corel Corporation 
2019). 
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2.1.1. Bateman Bay 
 
Samples were collected from three known manta ray feeding sites within the Bateman 
Bay lagoon (Fig. 2a). North Reef (NR) is a SW-NE orientated sandy bottom ledge with 
a steep slope that drops off from 5-20 m deep, along which zooplankton concentrate. 
Manta rays have been observed surface feeding, near surface barrel rolling along the 
‘drop off’ and bottom skimming along the upper ledge (5-10 m deep) and in doing so 
appear to disturb surface sediments before feeding on benthic or emergent zooplankton 
(Fig. 3). Palm Tree (PT) is situated along the coastal zone south of the Bateman Bay 
sanctuary zone and is subjected to oceanic swell via the Cardabia Passage that pushes 
zooplankton into shallow waters along the surf zone. PT consists of a shallow (<10 m 
deep), mixed sand and seagrass substrate with intermittent rocky reef increasing to the 
north. A range of manta ray feeding behaviours (bottom-skimming, surface and barrel 
roll feeding) are known to occur at approximately 5 to 10 m. Point Maud (PM) is a 
seaward extension of the land that divides Bill’s Bay and Bateman Bay, surrounded by 
shallow (2 to 7 m deep) coral reef and macroalgae. PM is represented by a narrow 
channel that continuously funnels water into the sandy lagoon from Bill’s Bay, where 
mantas are known to surface feed during the spawning of portunid crab species that 
occur around August. 
 
2.1.2. Exmouth Gulf 
 
Samples were collected from three sites in Exmouth Gulf, two located between the 
Bundegi Boat Ramp and Exmouth Marina and one further south of the Exmouth Marina 
 21 
(Fig. 2b). Manta rays have been observed surface feeding and occasionally barrel 
rolling (Fig. 3) between these landmarks along the 7-9 m depth contour, and within 
corresponding afternoon tide lines. Bottom skimming may also occur here, however this 
has not been confirmed. This region of the gulf has a gentle sloping bathymetry of fine 
silt and sand, with patchy rocky coral reef and macroalgae. North Marina (NM) lies 
adjacent to the Exmouth Yacht Club and Exmouth Town Beach, in close proximity to 
the marina mouth. Water Tower (WT) is seaward of a recognised manta ray cleaning 
station, and south of the Bundegi sanctuary zone. South Marina (SM) consists of a 
predominantly sandy bottom and patchy rocky reef. During the April sampling period, 
fieldwork was conducted at NM and WT only. Following this (during May), manta rays 
were observed surface feeding along the extended depth contour further south of these 
two sites and SM was therefore included as an additional sampling site as a result of 
these observations. 
 
 
Figure 2. Location of sampling sites in a) Bateman Bay: North Reef (NR), Palm Tree (PT) and 
Point Maud (PM); and b) Exmouth Gulf: South Marina (SM), North Marina (NM) and Water 
Tower (WT). The Ningaloo Marine Park boundary is indicated for Exmouth Gulf, and inferred 
to cover the entire Bateman Bay region. Created using CorelDRAW (Corel Corporation 2019). 
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Figure 3. Examples of feeding behaviour exhibited by manta rays in Bateman Bay or Exmouth 
Gulf: a) surface feeding, b) barrel rolling, c) bottom skimming and d) sediment disturbed during 
bottom skimming. Note the active feeding signs of an open mouth, visible gill rakers and the 
unfurled positioning of cephalic lobes. Images b-d) courtesy of F. McGregor. 
 
2.2. Sample collection 
 
2.2.1. Surface waters 
 
To replicate the surface feeding method (Fig. 3a), near surface (0-0.5 m depth) 
horizontal tows (n = 102) were conducted from April to August 2019 over a total of 18 
days. These were performed on three haphazardly selected days per location during 
each sampling month (April, June and August). Bateman Bay samples were collected 
a) b)
c) d)
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from 10:00 hr to 16:00 hr to replicate observed daytime feeding behaviour from NR > 
PT > PM. Gulf samples were collected from 15:00 hr to last light to target visible 
afternoon tide lines from SM > NM > WT. Surface water samples were collected in two 
consecutive net tows per site using a 200 µm mesh plankton net with a 50 cm diameter 
mouth opening, as per Germanov et al. (2019), fitted with a mechanical flowmeter 
(Ocean Test Equipment MF315) to calculate volume of water filtered. The net was 
towed from a small vessel with the direction of current at a distance far enough behind 
the vessel so that no wake or propeller downwelling interfered with surface vertical 
mixing. Course was maintained for 5 min at a speed of 0.5 to 1.2 m s-1.  
 
2.2.2. Feeding tows  
 
Feeding tows were performed to identify if plastics were present within sufficiently 
dense prey patches that triggered active feeding behaviour, and to identify if plastics 
occurred at varying depths that may be ingested by other feeding methods (this included 
surface feeding, mid-water feeding and barrel rolling). Water samples were 
opportunistically collected during active manta ray feeding activity as they were 
observed throughout each location, and on five additional days that targeted feeding 
activity. A smaller, 200 µm mesh net (20 cm diameter) was used to collect samples 
from within the proximate ‘manta trail’ (Couturier et al. 2013b) (n = 11) (Fig. 4). 
Feeding tows were conducted by a free swimmer for up to 5 mins, or as long as active 
feeding behaviour was maintained by the manta ray. 
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Figure 4. Free swimmer collecting a feeding tow sample from within the ‘manta trail’ of the 
manta ray. 
 
For all tows, the net was inspected for plant litter or macroalgae that if present, were 
carefully rinsed inside the net and discarded. The body of the net was thoroughly 
flushed by plunging it upwards out of the water three times, and by the use of a 2 L jug 
to externally rinse trapped material around the lower netting onto the cod end. Once 
opened, airborne exposure was kept to a minimum. Filtered seawater was used to wash 
down the point of detachment onto the collection mesh, and all contents were 
transferred into a 250 mL sample container using a metal spoon and squirt bottle. All 
tools were rinsed into the sample using filtered sea water. 
 
2.2.3. Sediments 
 
To determine if settled plastics that may become resuspended and ingested due to 
disturbance and mixing of the sediment during bottom skimming (Fig. 3c, d), sediment 
samples (n = 33) were collected at all established sites per sampling day in April and 
 25 
August 2019. One sediment sample per site was collected using a modified core grab 
(20 cm x 10 cm diameter), with a removable rubber stopper affixed at both ends. With 
one stopper secured, the top 5 cm of sediment (measured by half the mouth diameter) 
was scooped horizontally and plugged with the second stopper at the seafloor (~7 m 
deep) by a free swimmer. Samples (~400 g of sediment) were immediately transferred 
entirely into large snap lock plastic bags using a squirt bottle and filtered sea water and 
refrigerated until use. 
 
2.3. Sample processing 
 
2.3.1. Contamination controls 
 
During each stage of processing, a glass petri dish of water was left open to monitor the 
presence of airborne particles and identify environmental contamination (Dris et al. 
2016). Fresh water was filtered through a 200 µm mesh prior to use, and liquids were 
stored in sealed containers until required. Either glass or metal vessels and apparatus 
were used, surfaces and equipment cleaned with 70 % ethanol or placed in a drying 
oven. Samples were kept covered with aluminium foil between handling to reduce 
cross-contamination (Prata et al. 2019). 
 
2.3.2. Water tows 
 
To maximise recovery and improve detectability of plastic pieces, water samples were 
subjected to filtration, digestion, and density separation steps as recommended by Prata 
et al. (2019) using modified NOAA microplastic sampling guidelines (Masura et al. 
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2015). Samples were rinsed with fresh water through a custom made 200 µm sieve and 
remaining natural debris was removed using metal forceps. Solids were transferred to a 
clean, dry glass beaker using a metal spatula and rinsed minimally with fresh water. 
This was loosely covered with aluminium foil and placed in a drying oven at 
approximately 90°C overnight. Dried samples were treated with a wet peroxide 
oxidation (WPO) to digest organic material in the presence of transition metal catalyst. 
20 mL of 0.05 M iron (II) sulphate (Fe(II)SO4·7H2O) solution and 20 mL 30 % 
hydrogen peroxide (H2O2) were added slowly and covered for 5 min to react. The 
mixture was heated at 75°C on a hotplate until bubbling was observed on the surface, 
removed to cool, and returned to digest for another 30 min, stirring frequently. When 
required, an additional 20 mL of H2O2 was added and the proceeding steps repeated to 
process abundant organic material. The contents of the beaker and stirring instruments 
were rinsed into a saltwater (NaCl·H2O2) density separator funnel (d = 1.2 g/cm3), 
covered with aluminium foil and left overnight. Settled solids were drained from the 
funnel onto the 200 µm sieve and thoroughly inspected for plastic pieces. The 
remaining floating particles were filtered through a gridded Gf/F glass microfibre filter 
paper by a handheld vacuum pump and visually inspected under a stereo microscope. 
 
Suspected plastic pieces were enumerated, measured and categorised by type (line fibre, 
monofilament fibre, fragment, film and others) and sorted by size class (<1 mm, 1-4.9 
mm, 5-9.9 mm, 10-19.9 mm and >20 mm). All pieces were verified by prodding, and 
the application of a hot needle heated under a naked flame to confirm it would melt 
(Campbell et al. 2017; Shim et al. 2017). 
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2.3.3. Sediments 
 
Samples were rinsed with fresh water through a large 200 µm custom sieve and 
transferred to a clean, dry glass beaker using a metal spatula and minimal rinsing. This 
was loosely covered with aluminium foil and placed in a drying oven at approximately 
90°C overnight. A Sediment-Microplastic Isolation (SMI) unit capable of separating 
MPs from up to 50 g of sediment per extraction, was custom built using clear PVC 
piping and ball valve (Fig. 5), according to the design and methods developed by 
Coppock et al. (2017). The SMI unit was thoroughly cleaned, purged and primed prior 
to each use. A magnetic stir bar and 750 mL of Zinc Chloride (ZnCl2) solution (d = 1.5 
g/cm3) were added to the SMI unit and placed on a magnetic stirring plate to begin 
mixing. Each dried sample was stirred using a glass rod for at least 1 min, until the 
mixture appeared homogeneous. From this, a 50 g sub-sample was extracted and slowly 
added to the SMI unit that was mixed for 5 min and left to settle for 5 min, followed by 
3 short stirring pulses to release any air bubbles. The supernatant was left to settle until 
the headspace was mostly clear of sediment (this was not entirely possible due to the 
lightweight shells of microscopic marine organisms). The ball valve was closed, and the 
headspace poured through a 47 mm Gf/F glass microfibre vacuum filter, retaining the 
filtered ZnCl2 for further use. The headspace was thoroughly rinsed onto the filter paper 
at least three times with fresh water to recover any remaining pieces. Following each 
extraction, the ball valve was opened, and the lower chamber filtered through a 90 mm 
Gf/F glass microfibre vacuum filter. The SMI was purged to release and retain all ZnCl2 
trapped within the internal cavity of the ball valve.  
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Samples were visually inspected under a stereo microscope as in water tow samples 
although due to the abundance of microscopic shell particles ~0.4 mm in size, it was 
difficult to differentiate between potential plastic pieces or organic fragments and this 
may have been underestimated.  
 
 
Figure 5. a) Schematic design of Sediment Microplastic-Isolation (SMI) unit by Coppock et al. 
(2017) b) Re-constructed SMI unit measuring 480 mm high, with a 60 mm outer headspace 
diameter used to isolate plastics from sediments of Bateman Bay and Exmouth Gulf during 
April, June and August 2019. 
 
2.4. Data analysis and treatment 
 
All data were analysed in R version 3.6.0 (R Core Team 2019) in the integrated 
development environment RStudio, version 1.2.1335 (RStudio Team 2019). Figures 
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were produced using the package ‘ggplot2’ (Wickham 2016), and ‘ggmosaic’ (Jeppson 
et al. 2008). Packages ‘car’ (Fox and Weisberg 2019) and ‘jtools’ (Long 2019) were 
used for statistical and final model analysis. 
 
Daily site replicates of surface water tows were pooled, and the resulting daily site 
means were used for statistical analysis. Feeding tows were pooled to location to 
account for the small sample size and analysed using descriptive statistics. 
Concentration of plastic pieces (Cp) was calculated for surface waters from the total 
volume of water filtered and presented as plastic pieces per m3. Conversions to m2 were 
calculated by multiplying the submerged height of the net (0.5 m) and the distance 
recorded by the flowmeter, then cast into units of km2, while 50 g sediment sub-samples 
were also presented as extrapolated values in plastic pieces per kg-1 to allow for 
comparison against other studies.  
 
2.5. Modelling 
 
Generalised linear models (GLMs) were used to examine if spatial and temporal 
variations across sampling location and month influenced the presence and 
concentration of plastics. Each model was constructed using sample site and month as 
predictor variables and included an interaction effect between site and month. 
 
Binomial GLMs to test the presence of plastics (at least one piece of plastic in a sample) 
in a) surface waters and b) sediments, were assessed using a binomial response variable 
(presence = 1, absence = 0) with a complementary log-log link function, to account for 
unbalanced numbers of zeros and ones (Zuur et al. 2009). Stepwise automated variable 
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selection and relative quality of the models were assessed using the Akaike Information 
Criterion (AIC), where lower AIC values indicated better model quality (Burnham and 
Anderson 2004). 
 
Concentrations of plastic pieces (Cp) for a) surface waters and b) sediments were 
assessed using GLMs with a Poisson distribution for count data where the total number 
of plastic pieces was fitted as the response variable. For surface water data, an offset of 
volume (m-3 of water filtered) was included to enable modelling of standardised Cp 
across varied filtration rates. Quasi-GLM models were used to correct for 
overdispersion, where the variance is given by f *ø µ, where µ is the mean and f the 
dispersion parameter (f = Pearson c2 / residual df). Quasi-models were simplified by the 
drop term (drop1) function using a c2 test to select predictors for the final, best fit 
model. Diagnostic plots of the response residuals, Pearson residuals, scaled Pearson 
residuals, and deviance residuals were created and visually inspected to validate final 
model selections (Zuur et al. 2009). 
 
2.6. Calculation of theoretical ingestion rates 
 
Theoretical plastic ingestion rates (IR) for manta rays were calculated as the mean ± SE 
pieces of plastic that may be consumed by an individual surface feeding per hour, using 
the formula: IR = Cp x estimated filtration rate. Cp values were calculated from surface 
water tows, and estimated filtration rates were based on a 90 % swim speed (0.68 m s-1) 
fluid flow for M. alfredi of approximately 86.4 m-3 hr-1 (Paig‐Tran et al. 2013). Rates 
were calculated as pieces per hr-1 for all individual sites per month. Overall IR for 
Bateman Bay and Exmouth Gulf were considered in conjunction with the occurrence of 
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feeding activity by personal observation and accounts from local tour operators during 
the sample period only.  
 
2.7. Permits and approval of ethics committees 
 
All necessary permits were obtained for this study. Work was conducted under permit from the 
Department of Parks and Wildlife, formally the Department of Biodiversity, Conservation and 
Attractions (lawful authority under 30 & 35A of the Conservation Land Management Act 1984) 
and under approval from the Murdoch University Animal Ethics Committee (O3135/19). 
Collection of water samples were conducted under the Fish Resource Management Act 1994 
exemption (3256) from the Department of Primary Industries and Resources. No animal was 
caught, handled or removed from its natural habitat for the purpose of this study. 
 
3. Results 
 
1.1 Environmental contamination 
 
Black line fibres were detected in open dishes set during sample collection, and in the 
processing room on site. Black line fibres were therefore excluded from analysis of all 
water samples as it was unclear if their presence was airborne intrusion. All plastics 
were included in sediment analysis as entire samples were immediately transferred into 
snap lock bags and processed in a closed laboratory room shown to be free of fibres.  
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3.1. Occurrence, composition and concentration of plastics 
 
A total of 349 plastic pieces were retrieved from surface water samples, 90 from 
sediment sub-samples, and eight from feeding tow samples. At least one plastic piece 
was present in 92.6 % of samples collected from surface water tows per site on a given 
sampling day in Bateman Bay (n = 27) and 91.7 % in Exmouth Gulf (n = 24). Plastics 
were present in 66.7 % of sediment sub-samples from Bateman Bay (n = 18) and in 100 
% of sub-samples from Exmouth Gulf (n = 15). Feeding tows confirmed that plastics 
were present in the immediate feeding path of up to half (50.0 and 40.0 %) of the total 
samples collected from Bateman Bay (n = 6) and Exmouth Gulf (n = 5), respectively. 
Feeding tow samples containing plastics were captured during surface feeding (n = 1), 
mid-water (below the surface) feeding (n = 2), and barrel rolling (n = 2) behaviour.  
 
The relative contribution of the type and size of plastics identified in surface water 
samples differed as Bateman Bay contained mostly line fibres (85.5 %), fewer 
fragments (7.8 %), monofilament fibres (5.5 %) and films (1.2 %). Exmouth Gulf 
samples were high in line fibres (41.9 %), monofilament fibres (28.0 %) and fragments 
(20.4 %), with few films (6.5 %) and ‘others’ (3.2 %) (Fig. 6, 7). The majority of 
plastics in Bateman Bay were MPs (1-4.9 mm, 59.0 %) and upper size classes (5-9.9 
mm, 30.1 %; 10-19.9 mm, 5.1%; >20 mm 1.2 %), while some plastics fell within the 
smaller size class (< 1mm, 4.7 %). Similarly, most plastics in Exmouth Gulf were MPs 
(45.2 %), samples were more favourable to larger pieces (5-9.9 mm, 25.8 %; 10-19.9 
mm, 14.0%; >20 mm 6.5 %), and contained a relatively higher number of smaller pieces 
(<1 mm, 8.6 %) (Fig. 7). Feeding tow samples contained one fragment (1.2 mm), two 
monofilament fibres (2.8-3.0 mm) and five line fibres (3.0-10.2 mm) overall. 
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Figure 6. Examples of plastics identified as fragments (a, b); films (c, d); line fibres (e); 
Monofilament fibres (f, g) and ‘others’: such as foam (h), and one cigarette butt (i) found in 
surface waters and feeding tows from Bateman Bay and Exmouth Gulf during April, June and 
August 2019  
 
 
Figure 7. Mosaic plot of a three-dimensional array according to three categories: location, 
plastic type ((Lf: line fibres; Mf: monofilament fibres; Fr: fragments; Fl: films; O: other) and 
size class. Box widths of each category are proportional to the cell frequency in surface water 
samples from Bateman Bay and Exmouth Gulf during April, June and August 2019. 
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Sediment sub-samples contained three types of plastics: line fibres, fragments and films 
(Fig. 8). Line fibres were the dominant type of plastic identified in Bateman Bay and 
Exmouth Gulf samples contributing 87.5 and 95.1 %, respectively. Fragments (8.3 and 
2.4 %, respectively) and film (4.2 and 2.4 %, respectively) were less common (Fig. 9). 
Bateman Bay samples were relatively larger as 50.0 % of plastic pieces were in the 5-
9.9 mm size class, and 36.0 % classified as MPs (1-4.9 mm). The remaining size classes 
contributed similarly (<1 mm, 2.0 %; 10-19.9 mm, 8.0 %; >20 mm, 4.0 %). Exmouth 
Gulf samples were mostly MPs (1-4.9 mm, 54.3 %), or in the 5-9.9 mm size class (40.0 
%), with few classified as other size classes (<1 mm, 0.0 %; 10-19.9 mm, 2.9 %; >20 
mm, 2.9 %) (Fig. 9). 
 
 
Figure 8. Examples of plastics identified as films (a, d) showing an example of sediment 
fouling (a); fragments (b, c); and line fibres (e) found in sediment sub-samples from Bateman 
Bay and Exmouth Gulf during April and August 2019.  
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Figure 9. Mosaic plot of a three-dimensional array according to three categories: location, 
plastic type (Lf: line fibres; Fr: fragments; Fl: films) and size class. Box widths of each category 
are proportional to the cell frequency in sediment sub-samples from Bateman Bay and Exmouth 
Gulf during April, June and August 2019.  
 
The colour of plastics found in surface waters were mostly clear or white across all 
types, whereas monofilament fibres were mixed by clear, blue, red or green. All plastics 
found in feeding tows were either black or clear. Benthic fragments and films were 
either blue or clear in colour which made them easy to distinguish among solid white 
shell fragments, aside from one large film that had been heavily fouled and was difficult 
to detect.  
 
The mean ± SE concentrations of plastic pieces (Cp) estimated from all surface water 
tows conducted in Bateman Bay and Exmouth Gulf were 0.17 ± 0.03 and 0.07 ± 0.01 m-
3, respectively. The mean ± SE monthly Cp for surface water samples collected at all 
sites ranged from a minimum of 0.01 ± 0.01 m-3 from South Marina during August, to a 
maximum of 0.41 ± 0.13 m-3 from Palm Tree during June (Table 2). The mean ± SE 
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Cps for feeding tow samples collected in Bateman Bay and Exmouth Gulf were 0.17 ± 
0.08 and 0.12 ± 0.08 min-1, respectively and ranged from 0-2 pieces per sample. The 
mean ± SE Cps for sediment sub-samples collected in Bateman Bay and Exmouth Gulf 
were 2.67 ± 0.65 and 2.80 ± 0.46 pieces 50 g-1, and ranged from 0.33 ± 0.33 pieces 50 
g-1 from North Reef during April, to 5.33 ± 2.40 pieces 50 g-1 from North Reef during 
August (Table 2; see for extrapolated values to pieces kg-1).  
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 Table 2. Concentration of plastic pieces (Cp) presented as the mean ± standard error in surface waters by volume (Cp m-3), converted to surface area 
(Cp km-2), and in sediments extrapolated from 50 g sub-samples (Cp kg-1) for each site per month, and for each location per month highlighted in bold. 
NR: North Reef; PT: Palm Tree; PM: Point Maud; SM: South Marina; NM: North Marina; WT: Water Tower 
Location
Bateman Bay 0.12 ± 0.02 45,811.44 ± 9,342.91 35.56 ± 8.98 0.26 ± 0.05 102,186.75 ± 21,334.83 0.12 ± 0.03 47,716.53 ± 10,412.01 71.11 ± 13.58
NR 0.10 ± 0.05 38,531.05 ± 17,749.32 6.67 ± 6.67 0.19 ± 0.04 74,488.55 ± 16,364.43 0.11 ± 0.05 43,069.07 ± 17,702.69 106.67 ± 48.07
PT 0.12 ± 0.03 48,666.54 ± 13,514.77 60.00 ± 30.55 0.41 ± 0.13 160,069.64 ± 51,828.25 0.09 ± 0.04 34,331.98 ± 14,434.43 80.00 ± 30.55
PM 0.13 ± 0.05 50,236.74 ± 19,404.19 40.00 ± 20.00 0.18 ± 0.07 72,002.07 ± 26,135.77 0.17 ± 0.06 65,748.54 ± 21,882.96 26.67 ± 26.67
Exmouth Gulf 0.09 ± 0.02 35,057.20 ± 7,389.47 56.67 ± 11.00 0.11 ± 0.02 44,814.39 8,137.84 0.02 ± 0.01 8,876.71 ± 3,067.22 55.56 ± 6.79
SM - - - - - - 0.10 ± 0.03 37,858.83 10,360.64 0.01 ± 0.01 4,845.09 4,845.09 73.33 35.28
NM 0.07 ± 0.02 27,511.88 ± 6,670.97 33.33 ± 13.33 0.10 ± 0.04 40,943.37 ± 16,928.83 0.02 ± 0.01 7,623.24 ± 3,524.20 60.00 ± 0.00
WT 0.11 ± 0.03 42,602.51 ± 13,152.34 80.00 ± 20.00 0.14 ± 0.04 55,640.98 ± 15,666.71 0.04 ± 0.02 14,161.80 ± 7,135.38 33.33 ± 13.33
August
Cp  m-3 Cp  m-3 Cp  m-3
June
Cp  kg-1 Cp  kg-1
April
Cp  km-2 Cp  km-2 Cp  km-2
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3.2. Modelling 
 
3.2.1. Modelling the presence of plastics 
 
Binomial analysis to assess the spatial and temporal influence on the presence of at least 
one piece of plastic in surface water and sediment samples were fitted to the data using 
Point Maud during April as the intercept. The final models were selected based on the 
combination of predictors that produced the lowest AIC value, indicating the best fit. 
Surface water data used site and month as predictors in the final model (p<0.020; Table 
3a), while sediment data used site as the single predictor (p = 0.077; Table 3b). 
Predictors included the final models did not detect any significant influence on the 
presence of plastics throughout surface water and sediment samples (Table 3). 
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Table 3. Coefficients of binomial analysis on presence of plastic pieces in surface water and 
sediment samples using generalised linear models (GLMs). Differences among variables are 
significant when the estimated coefficients are significantly different from zero. Call variables 
selected for final models in parentheses. 
 
 
3.2.2. Modelling the concentration of plastics 
 
The Poisson quasi-analysis to assess spatial and temporal influence on the Cp in surface 
water data was fitted using Point Maud during April as the intercept, to site and month 
as predictors in the final model (p < 0.001; Table 4a). The model showed significant 
differences in samples that were from sites within Exmouth Gulf (North Marina, South 
Variable Est. SE z-value p-value
Intercept (BB - Point Maud, April) 3.097 737.728 0.004 0.997
BB - North Reef -3.002 737.728 -0.004 0.997
BB - Palm Tree 0.000 1043.305 0.000 1.000
EG - North Marina 0.000 1043.305 0.000 1.000
EG - South Marina -3.999 737.729 -0.005 0.996
EG - Water Tower 0.000 1043.205 0.000 1.000
June 3.894 384.279 0.010 0.992
August 0.000 1.051 0.000 1.000
Model Fit:  χ2(7) = 16.585, p = 0.020
AIC=27.457
Intercept (BB - Point Maud) -0.37 0.59 -0.62 0.53
BB - North Reef 0.46 0.79 0.58 0.56
BB - Palm Tree 0.95 0.78 1.22 0.22
EG - North Marina 3.36 269.07 0.01 0.99
EG - South Marina 3.36 380.52 0.01 0.99
EG - Water Tower 3.36 269.07 0.01 0.99
AIC = 33.363
a) Surface water samples (site + month)
b) Sediment samples (site)
Includes the coefficients estimate (Est.), standard errors (SE), z-value, and significance 
(p-value). BB: Bateman Bay; EG: Exmouth Gulf
Model Fit:  χ2(5) = 9.931, p = 0.077
 40 
Marina and Water Tower; Table 4a) where estimated Cp values were consistently lower 
than sites that occurred within Bateman Bay (Point Maud, North Reef, Palm Tree; Table 
4a; Fig. 10a). Additionally, June was significant in influencing an overall increase in the 
Cp with an average of 0.15 pieces m-3 (p = 0.005; Table 4a; Fig. 10b).  
 
To explore location specific variation in the Cp, Poisson quasi-models were fitted to the 
data from each location (Bateman Bay and Exmouth Gulf) on month, as this predictor 
was identified in both models to produce the best fit (Table 4a, b). The final models 
used April as the intercept and showed an increase of the Cp in Bateman Bay samples 
that occurred during June (p = 0.025; Table 4b; Fig. 10c), while a decrease was 
significant in samples from Exmouth Gulf during August (p = 0.010; Table 4b; Fig. 
10d). Bateman Bay and Exmouth Gulf showed no indication of intra-specific site 
variation when site was included in the models, and these were removed following 
inspection of the drop term c2 test. 
 
The Poisson quasi-models were fitted to the sediment sample data using month as the 
single predictor for the final model as this produced a better fitting model than site, or 
the inclusion of both terms as shown by the drop term c2 test. For sediment sample 
analysis, no predictors were shown to have significant influence on the Cp (Table 4d).  
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Table 4. Coefficients of Poisson analysis on the concentration of plastic pieces m-3 in surface 
water samples and the concentration of plastic pieces per 50 g of sediment using quasi-
generalised linear models (GLMs). Differences among variables are significant when the 
(exp)estimated coefficients are significantly different from zero and are highlighted in bold. Call 
variables selected for final models in parenthesis. 
 
Variable (exp) Est. Lower Upper t-value p-value
Intercept (BB - Point Maud, April) 0.134 0.079 0.224 -7.609 <0.001
BB - North Reef 0.747 0.417 1.337 -0.983 0.331
BB - Palm Tree 1.054 0.636 1.746 0.203 0.840
EG - North Marina 0.381 0.188 0.772 -2.676 0.011
EG - South Marina 0.277 0.111 0.692 -2.750 0.009
EG - Water Tower 0.503 0.260 0.972 -2.043 0.047
June 2.102 1.278 3.457 2.926 0.005
August 0.868 0.501 1.503 -0.507 0.615
AIC = NA
Intercept (April) 0.107 0.058 0.200 -7.044 <0.001
June 2.427 1.176 5.011 2.398 0.025
August 1.149 0.538 2.453 0.360 0.722
AIC = NA
c) Surface water samples - EG (month)
Intercept (April) 0.077 0.050 0.119 -11.596 <0.001
June 1.459 0.849 2.508 1.367 0.186
August 0.289 0.121 0.686 -2.814 0.010
AIC = NA 
Intercept (April) 2.200 1.369 3.536 3.256 0.003
August 1.439 0.793 2.613 1.197 0.240
Model Fit:  χ2(1) = 2.849, p = 0.225
AIC = NA
95 % CI
a) Surface water samples (site + month)
b) Surface water samples - BB (month)
Includes the exponensiated coefficients ((exp)Estimate), lower and upper 95% confidence 
intervals (CI) for odds ratio estimates, t-value, and significance (p-value). BB: Bateman Bay; EG: 
Exmouth Gulf.
d) Sediment samples (month)
Model Fit: χ2(2) = 15.249, p = <0.001
Model Fit:  χ2(2) = 39.49, p = 0.01
Model Fit:  χ2(7) = 57.820, p = <0.001
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Figure 10. Significant differences detected by GLMs in the concentration of plastic pieces (Cp) 
m-3 in surface waters with mean values (diamonds) of the overall Cp by a) site; b) month; and 
for each location by month in c) Bateman Bay; and d) Exmouth Gulf. PM: Point Maud; NR: 
North Reef; PT: Palm Tree; NM: North Marina; SM: South Marina; WT: Water Tower. 
 
3.3. Theoretical ingestion rates 
 
Overall, individuals that fed in Bateman Bay were at a higher risk of ingesting plastic 
pieces than individuals that fed in Exmouth Gulf during all sampling months (Table 5). 
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Theoretical ingestion rates (IRs) were higher at sites where manta rays were actively 
feeding, particularly during June at Palm Tree where the highest IR was estimated at 
35.94 ± 13.08 pieces hr-1. High estimates were also obtained for North Reef, ranging 
from 8.12 ± 5.15 to 16.95 ± 0.46 pieces hr-1, where manta rays engaged in feeding 
activity during April and June. While sightings of manta rays were reported in Exmouth 
Gulf during all sample months, personal observations of feeding activity were 
confirmed only during August, when IRs were relatively low (1.02 ± 1.02 to 3.16 ± 0.95 
pieces hr-1). Throughout the study period, there were no personal sightings or reports of 
manta rays visiting or feeding around Point Maud. Based on the sites per month where 
manta rays were confirmed to have fed, the overall mean IR for manta rays actively 
feeding within Bateman Bay during the study period was estimated at 17.12  ± 13.27 
pieces hr-1, and 2.02 ± 1.08 pieces hr-1 within Exmouth Gulf. 
 
Table 5. The mean ± SE for calculated theoretical plastic ingestion rates in pieces hr-1 (IR), 
ranked by highest IR per month for all sites (Rk). The top rank within each month are 
highlighted in bold. Observations of feeding M. alfredi (F) and presence of M. alfredi (P) 
during sampling periods are indicated by an ‘X’.  
 
NR: North Marina; PT: Palm Tree; PM: Point Maud; SM: South Marina; NM: North Marina; 
WT: Water Tower 
 
Location Rk F P Rk F P Rk F P
9.72 ± 2.02 23.22 ± 5.06 10.57 ± 2.80
NR 4 8.12 ± 5.15 X X 2 16.95 ± 0.46 X X 2 9.76 ± 5.02 X
PT 2 10.40 ± 1.07 1 35.94 ± 13.08 X X 3 7.46 ± 3.25 X X
PM 1 10.65 ± 4.38 3 16.79 ± 3.91 1 14.49 ± 6.73
7.47 ± 1.83 9.81 ± 1.96 2.02 ± 0.52
SM - - - X 5 8.26 ± 1.36 6 1.02 ± 1.02 X X
NM 5 5.88 ± 0.87 4 9.10 ± 5.02 5 1.88 ± 0.37 X X
WT 3 9.05 ± 3.69 3 12.08 ± 3.85 X 4 3.16 ± 0.95 X X
April June August
Exmouth Gulf
IR IR IR
Bateman Bay
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4. Discussion 
 
4.1. Summary 
 
This was the first study to evaluate the presence of plastics at manta ray feeding sites in 
Australian waters. Plastic pieces, predominantly fibres and other types of MPs (<5 mm), 
were present in surface waters and sediments from crucial manta ray feeding areas in 
the Ningaloo Marine Park and Exmouth Gulf. Estimates obtained by the use of 
sampling methods that represent feeding behaviour demonstrated that plastics occurred 
within zooplankton rich patches that manta rays selectively fed on throughout the water 
column, indicating that manta rays may be feeding on plastics in these areas.  
 
Overall, plastics were found in 92.3 % of surface water tows and 81.8 % of sediment 
samples at mean concentrations of 0.17 pieces m-3 and 53.4 pieces kg-1 in Bateman Bay 
and 0.07 pieces m-3 and 56 pieces kg-1 in Exmouth Gulf. Across locations, fibres < 5mm 
accounted for the major type of plastics found in surface waters and feeding tows, while 
larger fibres < 10 mm were more common in sediments. Comparatively, these findings 
suggest that the population of manta rays that frequent this region, particularly those 
that feed throughout Bateman Bay and Exmouth Gulf are likely to be ingesting less 
plastics than Indonesian populations, where surface water concentrations range from 
0.04-0.24 pieces m-3 in the dry season, and 0.29-0.90 pieces m-3 in the wet season.  
 
 
 
 45 
4.2. Occurrence, composition and concentration of plastics 
 
4.2.1. Surface water tows 
 
The distribution of plastic pieces among surface water samples (> 92 % of daily site 
replicates contained at least one piece of plastic) was consistent with data presented by 
Reisser et al. (2013), who detected plastic at 93% of sample stations and described 
marine plastics throughout Australian surface waters as being ‘quite widespread’. Mean 
concentration of plastics (Cp) in surface waters from Bateman Bay (65,238 pieces km-2) 
and Exmouth Gulf (29,582 pieces km-2) also fell within the ranges of depth integrated 
concentration of plastics in Australian surface waters of 0 to 105,438 pieces km-2 
(Reisser et al. 2013). In August, the mean Cp in surface waters from Exmouth Gulf 
(8,876.71 pieces km-2) were comparable to surface water tows conducted by Reisser et 
al. (2013) at a station 10 km off the North West Cape during August 2012 of ~9,000 
pieces km-2. Conversely, the Cp in surface water samples from Bateman Bay during 
August (47,716.53 pieces km-2) was more than four times higher.  
 
Despite the geographical proximity, significant differences in fine scale plastic 
abundance and patchy distributions are typical of coastal zones, particularly when 
comparing nearshore and offshore waters. These variations are commonly attributed to 
riverine systems that transport plastic pieces directly into the nearshore marine 
environment (Thiel et al. 2003; Pedrotti et al. 2016; Shim et al. 2018). Here, the lack of 
land-based run off demonstrates how other oceanographic mechanisms may be at play, 
such as wind induced vertical mixing (Reisser et al. 2015), or oceanic surface currents 
that act to disperse floating particles (Isobe et al. 2014). The recovery effort of plastic 
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pieces reported by Reisser et al. (2015) varied from the current study (separation step 
involved ~1 hr floatation in seawater) and the detection of fibres that dominated surface 
water tows in the current study may have impacted the resulting estimates for the same 
region considerably. Some studies have excluded fibres in their analysis due to the 
uncertainty of contamination by airborne particles (Frias et al. 2014), or inability to 
distinguish from natural cellulosic fibres (Lusher et al. 2014), making it difficult to 
compare results directly. Often, fibres account for a large proportion of the plastic 
debris (~75 % of 2,080 pieces m-3, Desforges et al. 2014), as was observed in the 
current study.  
 
4.2.2. Feeding tows 
 
Samples collected during feeding activity confirmed that plastics can also occur within 
sufficiently dense patches of prey on which manta rays selectively feed. Manta rays are 
therefore not only exposed to plastics at the surface but could also be ingesting plastics 
while performing mid-water feeding and barrel rolling behaviour. The mean rate of 
plastics collected in Bateman Bay (0.17 pieces min-1) and Exmouth Gulf (0.12 pieces 
min-1) were similar to swimmer towed trawl samples obtained during the dry season in 
Nusa Penida (0-0.17 pieces min-1) and year-round in Komodo (0-0.11 pieces min-1), but 
up to 5.7 times lower than Nusa Penida during the wet season (0.48-0.68 pieces min-1) 
(Germanov et al. 2019). These estimates demonstrate that during known feeding 
activity throughout the study period, particularly when compared to the wet season in 
Indonesia, manta rays that inhabit Bateman Bay and Exmouth Gulf may be at a 
substantially lower risk of ingesting plastics when compared to Nusa Penida. 
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The presence of plastics in these tows could be due to vertical mixing by surface winds 
(Reisser et al. 2015), or similarly by the mechanical movement of water that is 
stimulated by a manta ray during feeding behaviours (surface, mid-water feeding and 
barrel rolling), as force is exerted upon particles to distribute them downwards (pers. 
obs. 2019). Alternatively, the presence of plastics in these tows suggest possible 
changes in particle density due to fouling or weathering processes that can induce cyclic 
bobbing (Song and Andrady 1991). Particles that have settled to the seafloor are more 
likely to be affected by turbulence in shallow, nearshore waters and can become 
resuspended into the water column producing higher plastic densities near the bottom 
than on the surface (Lattin et al. 2004).  
 
Mean Cp rates for feeding tows in Bateman Bay and Exmouth Gulf were very similar 
(0.17 and 0.12 pieces min-1, respectively) to mean Cp in surface waters (0.17 and 0.07 
pieces m-3, respectively). Given that the net used for surface water tows was more than 
twice the diameter, and the amount of water filtered during surface water tows per min 
was ~5 m-3, this suggests that Cp may be higher throughout the water column or within 
dense prey patches than at the surface. Further, this demonstrates how convergent 
surface currents that aggregate and entrain zooplankton to provide a sufficiently dense 
patch of prey (Armstrong et al. 2016), may also contain relatively higher volumes of 
plastic pieces than surrounding waters (Isobe et al. 2014). Further research is required to 
confirm this speculation, specifically because of the small sample size of feeding tows 
which was due to the lack of sampling opportunity (i.e. capturing manta ray feeding 
activity) at each site or month.  
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4.2.3. Sediments 
 
Sediment analysis showed that plastic pieces were present within the upper 5 cm of the 
substrate at the study sites in Bateman Bay and Exmouth Gulf. Manta rays could 
therefore be at risk of ingesting plastics while performing bottom skimming behaviour 
in addition to feeding in the water column. Plastic pieces that have settled to the 
seafloor and become mixed within sediments suggest particles are of a higher polymer 
density (see Table 1 for examples of these polymers) and are less readily transported 
away by oceanographic processes (Andrady 2011). This study successfully 
demonstrated how fouling of a plastic film (Fig. 8a) will cause a vertical migration to 
the sediment (see Bond et al. 2018) and could reduce overall detection of plastics at the 
surface, as hypothesised for Indonesian manta ray feeding grounds by Germanov et al. 
(2019). 
 
Comparatively, plastic concentrations observed in Bateman Bay and Exmouth Gulf 
(53.4 and 56.0 pieces kg-1, respectively) were within the range of estuarine and subtidal 
sediments sampled in the UK (31-86 pieces kg-1, Thompson et al. 2004). Few studies 
report sediment plastic concentrations lower than observed in Bateman Bay and 
Exmouth Gulf, an exception being coastal habitats around Singapore (36.8 pieces kg-1, 
Nor and Obbard 2014). Rather, plastic concentrations often exceed the estimates 
presented in this study for sediments, particularly within heavy use areas such as coastal 
harbours in Belgium, where values were up to three times higher (166.7 pieces kg-1, 
Claessens et al. 2011). Reported concentrations were magnitudes higher at a ship-
breaking yard in India (89 mg kg-1, Reddy et al. 2006), and from coastal sediments in 
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south-eastern Australia (2,125 pieces kg-1, Ling et al. 2017) and Tasmanian estuaries 
(2,430-4200 pieces kg-1, Willis et al. 2017).  
 
In perspective, the striking difference between the current study and others throughout 
Australia could be attributed to the evaporative and recycled wastewater treatment 
systems in Exmouth and Coral Bay that prevent grey water from entering the immediate 
marine environment (The Shire of Carnarvon 2015; Barnett 2016). Grey water is 
considered a reliable source of synthetic fibres and MPs as they are discharged directly 
into sediments (Zubris and Richards 2005; Browne et al. 2011). Similarly, a relatively 
drier climate (Fierro and Leslie 2013) and lack of river catchments that produce very 
minimal terrestrial runoff (Cassata and Collins 2008) may help to reduce the flow of 
land-based plastics directly that are often deposited directly into sediments. The low 
population size and isolation of Exmouth and Coral Bay relative to major Australian 
cities may reduce localised pollution pressure, however the hypothesised relationship 
between plastic load and proximity to urbanisation has been poorly supported when 
tested against heavily populated and ‘pristine’ coastal gradients in Australia (Ling et al. 
2017).  
 
Sampling and processing methods have shown to drastically impact recovery and 
identification of plastic pieces within sediments, particularly when dealing with MPs < 
5 mm (Prata et al. 2019). For example, studies that report plastic concentrations in the 
order of thousands per kg subjected their samples to newly developed digestion 
techniques that improve detectability (Masura et al. 2015), and floatation mediums that 
increase recovery by separating higher density particles such as in Prata et al. (2019).  
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The SMI unit, effective in extracting 95.8 % of plastic pieces from sediments (Coppock 
et al. 2017) was an efficient method to employ on a small budget. While extreme care 
was taken to recycle the ZnCl2 after each extraction, the solution did not completely 
separate from all sediments and gradual loss occurred. This limited processing to one 
sub-sample per sediment sample (1:8 of total sediment volume obtained) due to the 
expense of the reagent. Future studies should seek to increase replicates or attempt to 
analyse larger volumes of each sample to improve the accuracy of plastic concentration 
estimates. 
 
4.2.4. Composition 
 
Microplastics (<5mm) were the most common size category of plastics throughout 
Bateman Bay and Exmouth Gulf in surface waters, feeding tows and sediment samples. 
These generally account for the majority of plastic pieces within marine habitats, an 
indication of exposure to weathering and physical degradation since entering the system 
(Eriksen et al. 2014; Van Sebille et al. 2015; Shim et al. 2018). Additionally, many 
plastics found in this study were mesoplastics (> 5 mm). The heightened presence of 
larger, mesoplastics in nearshore waters has been linked to Stokes drift and terminal 
velocities that operate based on particle size. This is where selective onshore transport 
and trapping wash the larger particles ashore, where they are subjected to enhanced 
degradation on beaches and easily returned to the ocean by tides and waves repetitively 
until reaching a size small enough to be carried offshore and influenced by oceanic 
processes (Isobe et al. 2014).  
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Plastic pieces observed in samples were mostly fibres of two distinguishable types (line 
fibres and monofilament fibres) that differed in their occurrence between locations and 
were therefore split to evaluate variation in size and concentration for each type of fibre. 
Line fibres were often clear or opaque and robust in appearance meaning they could 
have detached from the types of ropes or netting utilised on commercial or recreational 
vessels. Monofilament fibres were coloured, long or in tufts and much thinner than line 
fibres, suggesting textile, carpet or fishing net or line origin, although they could 
similarly be from ropes and netting. The absence of circularity or structure in fragments 
and films suggest these pieces were broken down from larger objects, whereas the 
category of ‘others’ contained some whole plastics (cigarette butt, plastic O-ring and a 
piece of foam) and that these items were newly introduced.  
 
Without polymer analysis it was not possible to identify the origin of the plastic 
particles retrieved in this study. Grouping plastics to potential polymer type according 
to their density may be difficult regardless of their position in the water column, as the 
relative density of a particle can be varied considerably by the use of fillers and from 
surface foulants (Andrady 2017). In the marine environment, the most frequently 
identified plastic polymers include polyethylene (PE), polypropylene (PP) and 
polystyrene (PS). Less frequent are polyvinyl chloride (PVC), polyethylene 
terephthalate (PET) and polyamide (PA) (Shim et al. 2018). Fibres are commonly 
identified through spectrometry analysis as nylon (PA), polyvinyl alcohol (PVA) or PP 
(Claessens et al. 2011), all of which are extensively used in various applications and 
manufactured to a range of densities (see Table 1). 
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4.3. Modelling 
 
Plastics were ubiquitously present in surface water and sediment samples from Bateman 
Bay and Exmouth Gulf, as demonstrated by the binomial model which failed to identify 
any spatial or temporal significance in the final model. The concentration of plastics 
(Cp) in sediment samples was similarly ubiquitous, showing no significance in the final 
model. Trends were detected in surface water samples, where the location of sampling 
site (Bateman Bay or Exmouth Gulf), and sampling month (April, June or August) were 
identified as having a significant influence on Cp, as confirmed by the final quasi-
poisson models. These findings align with other studies on the fine scale behaviour of 
plastics in marine environments around the world, being evenly distributed throughout 
sediments and patchy in surface waters (Barnes et al. 2009; Van Sebille et al. 2015; Li 
et al. 2016). No environmental variables were explored as having influence on plastic 
occurrence and concentration in the current study due to the lack of flexibility to target a 
suite of conditions. Rather, most samples were collected unintentionally during spring 
tides and were selective towards calmer conditions where possible. Further work in this 
region should aim to cover a broader range of weather and oceanographic conditions to 
better assess fine scale environmental fluctuations that occur at each location. 
 
4.3.1. Spatial trends 
 
Bateman Bay and Exmouth Gulf differ primarily in their morphological and circulation 
characteristics, proximity to and level of urbanisation, and marine resource use. 
Geographically, Bateman Bay is more exposed to oceanic input than Exmouth Gulf and 
could therefore more readily acquire plastic debris that has been dumped at sea by ships 
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(Sheavly and Register 2007) or transported southward by the Leeuwin Current. The 
Leeuwin Current is responsible for the delivery of plastic pieces along the Western 
Australian coastline from some of the most heavily ‘mismanaged’ plastic waste 
countries in the world (China, Indonesia and the Philippines) (Jambeck et al. 2015; 
Hajbane and Pattiaratchi 2017). Exmouth Gulf, regardless of proximity to the formation 
of the Leeuwin Current, had significantly lower Cps than in Bateman Bay. If plastics 
are in fact being transported here by the Leeuwin Current, perhaps water flow develops 
too far offshore to penetrate through the mouth of the gulf. Lower Cp in Exmouth Gulf 
could also be due to sample collection at an increased distance from land 
(approximately 1 km), as buoyant pieces may be carried with tidal movements or 
surface winds that push against the shoreline and deposit plastics onto the beach 
(Critchell et al. 2015). Further, resuspension models have indicated that plastics tend to 
remain closer to the shore once they have settled there (Critchell and Lambrechts 2016). 
 
Significantly higher concentrations of plastic pieces from the surface waters of Bateman 
Bay were comprised of clear line fibres. Commercial and recreational vessel residence 
time appears to be higher for the Bateman Bay region, where around 22 moorings just 
off the Coral Bay Boat Ramp, and at least 17 distributed along the reef crest and around 
Point Maud are frequently utilised on a daily basis (pers. obs. 2019). This kind of 
continuous use and residence time would likely increase water movement and friction 
around mooring lines, causing higher fibre dispersal, while additionally increasing the 
chances of waste input from the vessels. Additionally, Bill’s Bay Beach can receive 
visitors in the order of hundreds per day that swim, snorkel or utilise the beach (pers. 
obs. 2019), that may be dispersing plastics into the water. These plastics will likely drift 
north, through the passage at Point Maud and into Bateman Bay (Hearn and Parker). 
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Comparatively, Exmouth Gulf may be under less pressure from vessel residency and 
visitor populations with 5 moorings located near the Bundegi Boat Ramp, fewer vessels 
choosing to remain in the immediate area and suitable swimming beaches located 
further north towards the Bundegi Sanctuary Zone (pers. obs. 2019). Proximity to the 
Exmouth Marina did not appear to influence plastic concentrations, regardless of the 
increase in anthropogenic pressure associated with the landmark. This may further 
demonstrate how localised physical processes are more influential in determining how 
plastic particles concentrate, rather than distance from potential input sources.  
 
4.3.2. Temporal trends 
 
Differences in plastic concentration in response to sampling month were also apparent. 
Overall, the highest Cps were recorded during June, which was particularly evident in 
Bateman Bay samples. During winter the Ningaloo region receives swell energy that 
approaches consistently from the southwest, as opposed to southerly swells throughout 
summer (Hearn et al. 1986). It is possible this shift in direction may assist transport of 
plastics closer to the coast. Seasonal changes in average wind strength or direction 
during each sampling month may affect Cp for this region, historic data shows the 
monthly average wind speed recorded at the Ningaloo Reef Weather Station during 
June (16.3 kts) to be only slightly lower than both April (17.8 kts) and August (17.9 kts) 
(Australian Institute of Marine Science 2019). Light surface winds allow particles to 
concentrate at the surface, rather than being vertically mixed under high wind stress 
(Reisser et al. 2015) so this could have affected Cp to some degree. The movement of 
plastics is likely influenced by prevailing conditions that were not considered in this 
study. The coupled effect of wind stress and a stronger flowing Leeuwin Current during 
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winter (Godfrey and Ridgway 1985) can additionally trigger recirculation of these 
offshore waters in an anti-clockwise direction along the coast of Bateman Bay and up to 
Point Cloates (Woo et al. 2006), delivering with it plastics that are carried down the 
Western Australian coast by the Leeuwin Current.  
 
In Exmouth Gulf, Cp was significantly lower in surface water samples collected in 
August compared to April and June. Similarly, a slightly higher monthly average wind 
speed was recorded at Learmonth Airport during August (9.5 kts), compared to April 
(8.5 kts) and June (8.0 kts) (Bureau of Meteorology 2019). This may have increased 
vertical mixing during August, yet given the small margin of difference, it would seem 
speculative. Convergent surface currents have been linked to the aggregation and active 
transport of surface water plastics (Isobe et al. 2014), so it is surprising that an increase 
in Cp was not detected, as the afternoon tide lines were most prominent and easily 
targeted during August (pers. obs. 2019). Rather, this misalignment could prove that 
minimal plastics occur in Exmouth Gulf, particularly within convergent tide lines that 
manta rays feed on. 
 
It is difficult to pinpoint the broader-scale drivers that influenced temporal variations 
identified in this study, as seasonality or annual effects were not explored due to time 
constraints. Ideally, given the shift in weather patterns between austral summer and 
winter months for the Ningaloo Reef and Exmouth Gulf region (Godfrey and Ridgway 
1985; Lowe et al. 2012), more frequent sampling days across varied seasons would 
likely provide a better indication of drivers behind Cp fluctuations. Obtaining real time 
weather and oceanographic measurements using instruments such as an Acoustic 
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Doppler Current Profiler (ADCP) (see Haberstroh and Arias 2018) will provide more 
fine-scale data for meaningful model input. 
 
4.4. Theoretical ingestion rates 
 
The current study forms part of the emerging research being conducted specifically 
within feeding grounds of manta rays around the world (see Germanov et al. 2019), in 
an effort to gain a better insight to the level of plastic ingestion filter feeding megafauna 
may be exposed to across a range of locations. These findings suggest that during the 
study period, manta rays that fed within Bateman Bay and Exmouth Gulf were exposed 
to ingesting a comparatively lower number of plastics (2.02 to 17.12 pieces hr-1) than 
manta rays that fed within Nusa Penida during the wet season (62.7 hr-1), and Komodo 
year-round (20.7 to 25.1 hr-1) (Germanov et al. 2019). Theoretical plastic ingestion rates 
(IRs) estimated from Exmouth Gulf were on average lower than Nusa Penida during the 
dry season (4.4 hr-1, Germanov et al. 2019), whereas IRs estimated from Bateman Bay 
were substantially higher. Comparative values for IRs between the two studies were not 
adjusted for the inclusion of fibres, and as fibres were not included in the reported 
values by Germanov et al. (2019), these could be considerably underestimated. It is 
possible that with the inclusion of fibres in plastic analysis throughout Indonesian 
feeding grounds, the gap between studies would increase considerably and place the 
findings of the current study well below the Indonesian rates. 
 
The application of IRs, due to being calculated from surface water samples is herein 
limited to manta rays that engaged in surface feeding activity through sufficiently dense 
patches of prey (Armstrong et al. 2016), swimming at 0.86 m s-1 (Paig‐Tran et al. 2013) 
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and will vary considerably in response to changes in swim speed and feeding behaviour. 
The presence of plastics in sediments additionally confirms that manta rays could be 
resuspending plastic pieces back into the water column, or directly into their immediate 
feeding path while bottom skimming, as they disturb superficial sediment during 
feeding activity (see Fig. 3d). The occurrence of plastic pieces retrieved from feeding 
tows within the proximate manta ray feeding trail revealed that mid-water feeding and 
barrel rolling behaviour also risk further exposure to plastics. Zooplankton, particularly 
copepods that form the majority of taxa present in the water that manta rays prey on 
within Bateman Bay (F. McGregor unpublished data) and presumably Exmouth Gulf 
(pers. obs. 2019), also have the potential to ingest microplastics (Cole et al. 2013), with 
food chain implications for accumulation by manta rays. There is sufficient information 
to suggest that theoretical rates may differ from actual plastic ingestion rates. Recent 
studies have confirmed that manta rays are capable of ingesting, but also egesting 
plastic debris by regurgitation or faecal discharge (Germanov et al. 2019). The ability 
and extent to which manta rays retain plastic pieces within the digestive tract remains 
unknown and should also be considered when evaluating the impact of plastic ingestion 
to manta rays.  
 
Many sites were not found to be active feeding grounds during the study period, 
particularly within the less understood region of Exmouth Gulf. It is assumed however, 
that manta ray sightings were underestimated due in part to the imperfect detectability 
theory of marine animals (Katsanevakis et al. 2012), the relatively low sampling time of 
20-40 mins allocated at each site, depleted tour operator activity within Exmouth Gulf 
until July, and site bias by spotter planes when manta rays are present elsewhere. A 
higher level of sampling effort is required to better confirm site usage. Manta ray 
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populations utilise different habitats in response to localised conditions and food 
availability (Couturier et al. 2018; Setyawan et al. 2018; Germanov et al. 2019), which 
implies this population were likely feeding at nearby, lesser known feeding grounds 
beyond those initially selected as sites in the current study. For example, manta rays 
were frequently sighted around North Passage (-21° 52’38.8”S, 113°58’07.9”E) off the 
Tantabiddi Boat Ramp on the western side of the North West Cape from June to August 
actively feeding among tide lines that contained plastic debris (J. Smith pers. comm. 
2019; pers. obs. 2019). Here, one individual was observed consuming larger pieces of 
macro-plastics in August (B. Hodgson pers. comm. 2019). To develop a more 
comprehensive estimate of plastic exposure for the Ningaloo Reef and Exmouth Gulf 
region, future research should first aim to better identify and establish fine scale 
seasonal movement ecology and feeding grounds. This will enhance the predictability 
of manta ray presence in response to food availability and assist in developing more 
accurate IRs. 
 
4.5. Implications for manta rays 
 
The filtration mechanisms of M. birostris suggest that with a pore opening size of 0.34 
mm, particles as small as 0.20 mm may be filtered and passed into the digestive system 
regardless of their buoyancy (Divi et al. 2018). This size limit is likely to be relatively 
similar, if not smaller for M. alfredi filtration methods that remain largely under-
studied. The upper limits of plastic ingestion may well exceed the size of any particles 
found during the current study as an average mouth width for M. alfredi can be ~32 cm 
wide, and open to ~406 cm2 (Paig‐Tran et al. 2013). This non-clogging filtration by 
ricochet separation described by Divi et al. (2018), implies that all plastic pieces that 
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were identified in surface water, feeding and sediment samples from Bateman Bay and 
Exmouth Gulf were within the acceptable size ranges to be ingested by manta rays that 
feed on those waters. Moreover, the inability to selectively exclude MPs and larger 
plastic debris from zooplankton by filter feeding megafauna has been demonstrated by a 
number of studies through necropsies (Abreo et al. 2016; Sampaio et al. 2018), and 
egested material analysis (Donati 2019 ; Germanov et al. 2019). 
 
The demonstrated ability and exposure to the ingestion of plastics by manta rays raises 
the question as to how this will affect individual health and whether there are serious 
implications at a population level. Immediate effects of plastic consumption may cause 
digestive or respiratory blockages (De Stephanis et al. 2013; Abreo et al. 2019) and 
pathological contamination (Fackelmann and Sommer 2019). Additionally, there is 
increasing concern towards long term toxicological and physiological effects that have 
been predicted from prolonged exposure to plastic associated pollutants (Li et al. 2016; 
Germanov et al. 2018; Claro et al. 2019), yet these are still to be fully understood in 
manta rays. To validate plastic contamination in manta ray tissue, chemical analysis of 
plasticisers and brominated flame retardants are currently being used to trace plastic 
ingestion by non-lethal muscle biopsies obtained from free-swimming manta rays 
(Claro et al. 2019). Advancements in non-invasive sampling techniques are crucial in 
developing firm base line data that enables monitoring of plastic accumulation and 
understanding implications to better manage populations. Adoption of these techniques 
may be warranted for further analysis of manta rays that frequent the Ningaloo Reef and 
Exmouth Gulf region to account for unknown residence time throughout multiple 
feeding grounds. 
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5. Conclusion 
 
Awareness around the ubiquitous nature of plastics in the marine environment has 
increased exponentially over the past decade and will likely continue in response to 
anthropogenic activity and plastic production around the world. Drifting plastics in the 
ocean are difficult to model or quantify, particularly those that have settled in sediments 
that may undergo re-suspension as a result of oceanographic processes. The findings 
presented in this study have provided preliminary insights into the presence and 
concentration of plastics throughout surface waters and sediments from within manta 
ray feeding grounds in Bateman Bay and Exmouth Gulf during April, June and August 
of 2019. Analysis on the presence and concentration of plastic pieces highlighted a 
spatial and temporal trend in surface water plastics. The need for fine-scale approaches 
has been highlighted in order to build on these findings, particularly in response to the 
complex oceanographic settings of the Ningaloo Reef and Exmouth Gulf region. 
Theoretical ingestion rates for manta rays were estimated to be generally lower than 
those reported for Indonesia, placing individuals that selectively fed within Bateman 
Bay and Exmouth Gulf at a relatively lower risk to plastic exposure and potential 
ingestion. 
 
Overall, this study has demonstrated that manta rays inhabiting the Ningaloo Reef and 
Exmouth Gulf regions due to their filter feeding mechanisms, are exposed to ingesting 
plastic pieces. The next step involves the use of non-lethal tissue sampling techniques, 
as this will better develop our understanding of the uptake of plastic pollutants by manta 
rays and better define health impacts. Further information that investigates the 
movement and feeding ecology of manta rays along Australia’s North-West coast, such 
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as the identification of additional feeding grounds will help to refine our estimates and 
better understand the risk extent of plastic ingestion. Finally, this study has provided 
one of the first records of both micro and macro plastic occurrence within the Ningaloo 
Reef and Exmouth Gulf that can be applied to long term monitoring of these locations, 
and to manta ray populations. 
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